Abstract-In this paper, we investigate power control and resource allocation for long-term evolution (LTE) uplink. We develop an efficient way to improve system performance, especially for those users at the edge of a cell, by taking interference to and from adjacent cells into consideration. Simulation results show that the spectrum efficiency for edge users is improved by about 20% over the independent resource allocation and by about 10% over the soft frequency reuse scheme.
I. INTRODUCTION
The aim of long term evolution (LTE) standardized for 3rd Generation Partnership Project (3GPP) is to satisfy the requirements on high data rate, quality-of-service (QoS), and infrastructure [1] . LTE uses single-carrier frequency division multiple access (SC-FDMA) for the uplink transmission. SC-FDMA can be viewed as a fast Fourier transform (FFT)-precoded version of OFDMA, however, achieves lower peak-to-average-power ratio (PAPR) compared with OFDMA [3] . It transmits information symbols sequentially rather than in parallel as in OFDM while still keeping orthogonal transmission among intra-cell users. Therefore, there is no intra-cell interference in LTE uplink systems. Since all or part of the spectrum is reused in adjacent cells, inter-cell interference exists, especially when two or more edge users in adjacent cells use the same band. Inter-cell interference limits the performance of the system.
Inter-cell coordination allows the adjacent cells to manage the spectrum coordinately to minimize the intercell interference. To date, three schemes, fixed-frequency reuse (FFR), soft-frequency reuse (SFR), and adaptive SFR, have been proposed to reduce inter-cell interference. FFR allows each of the adjacent cells to use part of the spectrum so that spectrum allocated to the users in the adjacent cells are orthogonal. SFR [4] divides the spectrum and users into two groups for the celledge users and cell-center users, respectively. In [5] , an adaptive SFR has been developed to deal with intercell interference for different cell loads by allowing the edge users to borrow the center spectrum under certain situations.
In LTE, the minimum resource unit is a physical resource block (PRB), which consists of 12 subcarriers within one transmission time interval (TTI). SC-FDMA has two types of subcarrier mapping: localized FDMA (L-FDMA) and interleaved FDMA (I-FDMA). For L-FDMA, consecutive PRBs are assigned to the same user while PRBs are distributively allocated over the entire spectrum for I-FDMA. LTE adopts L-FDMA for uplink transmission. An optimal and a greedy algorithm for resource allocation in LTE uplink systems have been introduced [9] . Since resource allocation is performed independently in each cell and ignores inter-cell interference, the spectrum efficiency is not good. In this paper, we will develop a spectrum allocation scheme to improve both the average cell throughput and the cell edge throughput only at the expense of only limited signaling overhead between the coordinated base stations.
It has been shown in [8] that combining adaptive modulation and power control can lead to a significant throughput improvement compared with the case with power control only. In this paper, we will further consider the adaptive modulation and coding scheme (MCS) selection to improve the system performance.
In the rest of this paper, we will first describe the system model in Section II. In Section III, we will develop a novel resource allocation scheme to mitigate intercell interference and improve the throughput of those users at cell edge. We will present simulation results to demonstrate performance improvement in Section IV and conclude our paper in Section V. 
II. SYSTEM MODEL
Consider a system shown as in Figure 1 , each cell is divided into three sectors and each sector is covered by a 120-degree directional antenna. Therefore, each sector has two adjacent ones. We assume that there are users in a sector and they share PRBs for data transmission. Each user can be only allocated to consecutive PRBs as required by L-FDMA in LTE uplink.
In LTE uplink, the overall transmission power is uniformly distributed among the subcarriers allocated to the same user. Denote and to be the overall transmission power and the set of consecutive PRBs assigned to user , respectively. Then the transmission power of each subcarrier for user is , = 12| | , where | | is the number of PRBs in the set of . The SINR at the th subcarrier of the th PRB corresponding to user will be
where , is the channel gain from user to its base station, including pathloss, shadowing, and multipath fading, ( ) is the antenna gain from user to its service base station.
is the power of interference from users in other sectors using the same PRB as user , and is the power of additive white Gaussian noise (AWGN).
The transmission data rate of user can be expressed as
where is the effective bandwidth of each PRB, Γ is the SINR gap to satisfy block-error rate (BLER) requirement, ( , ) is the effective SINR for user . From [7] , the effective SINR can be expressed as
where depends on modulation order and coding rate.
If we consider independent proportional fairness resource allocation for each sector, then the objective can be expressed as
subject to
where max is the power threshold for each user. Constraint (5) indicates that each PRB can only be allocated to one user in a sector.
III. JOINT POWER CONTROL AND RESOURCE

ALLOCATION
In this section, we will first introduce the fractional power control in LTE uplink and then present our proposed resource allocation scheme.
Fractional power control is suggested by LTE working groups, which can be expressed as [2] = min{ max , 0 + +10 log 10 | |+Δ + (Δ )},
where 0 is a cell-specific parameter decided by the higher layers, is a compensation parameter that is chosen from set {0, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1} and decided by the base station of the serving cell, is the pathloss from user to its base station, Δ is a transport format (TF) dependent offset used to consider different SINR requirements for various MCSs, and (Δ ) represents the correction value provided by close-loop power control. The objective of the power control in LTE uplink is to limit inter-cell interference and to maintain SINR requirements based on the QoS constraint, cell load, and user equipment power capabilities. In general, power control in uplink determines the average SINR range a user is operating at.
Using fractional power control to limit interference with other sectors can simplify the resource allocation for cellular systems. However, the inter-cell interference is still very strong since resource allocation is performed without considering adjacent sectors, especially when two or more edge users in adjacent sectors are using the same PRBs. In this paper, we develop an adaptive PRB allocation method that will adjust the PRBs used by cell-edge users with the help of information on the allocated PRBs and users' positions in adjacent cells obtained through X2 interface.
Each sector first performs resource allocation independently based on proportional fairness introduced in Section II while fractional power control is used. PRBs for the adjacent edge users are jointly adjusted based on users' position and initial PRB allocation. Users' position can be obtained at the base station side. As the shadow area in Figure 1 , we assume that there is a primary sector among every three adjacent sectors of different cells. The primary sector will collect information of resource allocation and users' position of the coordination sectors and perform PRB rescheduling. Since PRB adjustment may change interference environment of the center users, we will finally re-allocate the transmission power for center users.
There will be severe inter-cell interference if the same PRB is used by two or three edge users in adjacent sectors who have different closest adjacent base stations. For example, user equipment (UE) 1 ′ in Sector 2 is close to Sector 1 and UE 3 ′′ in Sector 3 is close to Sector 2 in Figure 1 . If UEs 1 ′ and 3 ′′ use the same band, there will be severe interference. UE 3 ′′ will cause severe interference to UE 1 ′′ . Therefore, PRBs in this case need to be re-allocated. We assume that two edge users at adjacent sectors with different base stations may use the same PRB simultaneously if there is no severe interference with each other, as UE 1 ′′ and UE 1 ′ in Figure 1 .
After PRB reallocation and power control, we will further consider MCS adaption in each sector. Each sector will choose an MCS to maximize the throughput based on the SINR. The throughput is determined by the initial BLER (IBLER) for the UE with allocated PRBs and transmission power and can be expressed as,
where is the MCS index in LTE, ( ) is the data rate achieved by using MCS , , is the exponential effective SINR achieved by using MCS as expressed in Equation (3), ( , , ) is the IBLER for the used blocks. From [10] , the IBLER for each block can be approximated by
where and are parameters obtained by curve-fitting corresponding to MCS . Consequently, the IBLER for the user with MCS can be expressed as
The proposed scheme can be summarized as following.
• Step 1: Each sector performs independent power control and resource allocation. For example, three sectors in shadow area shown in Figure 1 perform independent power control and resource allocation based on proportional fairness introduced in Section II. • Step 2: Exchange information on resource allocation and users' position of the sectors to the primary sector. For example, Sectors 2 and 3 send the information on PRB allocation and users' position to Sector 1.
The primary sector re-allocates the PRBs based on the information and sends back the final resource allocation information to the other two sectors. For example, Sector 1 re-allocates the PRBs based on the information received from Sectors 2 and 3 and sends the adjusted PRB allocation information to these two sectors. The detailed reallocation algorithm is shown in Table 1 . The PRB allocation matrix is the index of PRBs allocated to each user in the sectors. Users' position matrix is about the position of users in each sector. From this matrix we can know the closest interference sector of each user. • Step 4: The coordinate sectors adjust the transmission power of their center users based on the information from the primary sector. • Step 5: All sectors perform adaptive MCS allocation and the users transmit data based on the information from their base stations.
IV. SIMULATION RESULTS
In this section, we will compare performance of our scheme with independent resource allocation with fractional power control and SFR [4] . For SFR, the transmission power for the edge users is larger than that of the center users. We consider the system as shown in Figure 1 , where a half of sector users are randomly distributed at the edge and the other half are randomly distributed in the center. The edge area is assumed to be the outer one third of the whole sector area. The major simulation parameters are summarized in Table 2 .
Since each user can only use consecutive PRBs in LTE uplink, the optimal algorithm for resource allocation is an NP-hard problem [6] . There are several sub-optimal algorithms with only a little performance degradation but with much lower complexity. It has been shown in [6] that grouping algorithm, which allocates equal number of consecutive PRBs to each user, performs the best among these suboptimal ones. Hence, we will use it to allocate PRBs in our simulation. Fractional power control is used for independent resource scheduling. We assume the cell load is larger than 80%, and all the users in a sector are allocated the same number of PRBs, which is consistent with the grouping algorithm. Figure 2 demonstrates spectrum efficiency of the three schemes versus the power spectral density (PSD) of channel noise when there are 6 users and 8 users, respectively. We assume that there are six users in a sector with three on the edge. From the figure, our scheme improves both the spectrum efficiency for the edge users and overall spectrum efficiency. It increases 20% over the independent resource allocation and about 10% over SFR for edge users' spectrum efficiency. We can also see that the proposed scheme performs better when the system is interference dominant, which corresponds to the case with lower noise PSD in the figure. Figure 3 shows spectrum efficiency versus the number of users with noise PSD of −174 dBm and −185 dBm, respectively. From the figure, the performance gain of our scheme increases with the number of users. It can be easily seen that the information exchanged between sectors is pretty limited, only several hundred bits for 10 users in a sector. For example, if using 6 bits for user index, information exchanged for 48 PRBs will be 288 bits.
V. CONCLUSION
In this paper, we have introduced a resource allocation scheme for LTE uplink systems. The proposed scheme first allocates PRBs in each cell independently, then adjusts the PRBs and perform power control for the center users based on information on PRB allocation and users' position among adjacent cells. Simulation results have indicated that our scheme can improve spectrum efficiency for edge users and overall spectrum efficiency compared with independent resource allocation and SFR. Since we have considered all constraints in LTE uplink, the proposed algorithm is ready to be used in real systems for performance improvement.
